Some salient facts about muscle contraction are sketched in Fig. 1 . When a sarcomere contracts, actin filaments move inward relative to myosin filaments, and the filaments separate in the transverse plane. If at any stage the length is clamped, and the static tension developed against the stops is tested, it is found that the tension as well as the ATPase hydrolysis increases linearly with the "overlap." This suggests that force is generated by some kind of actin-myosin-ATP interaction occurring in the overlap region. To understand how all this comes about one has to consider myosin and actin as molecules, as well as their assembly into filaments. The myosin molecule has evolved rapidly in the mind of man (Fig. 2) . It began as a slender rod, about 0.15 ,um long ( Fig. 2a ), but after a while it assumed the shape of a match stick, the bulbous end bearing the ATPase property and an actin-binding property (Fig. 2b) . At about the same time it was shown how myosin filaments are assembled from myosin molecules (Fig. 3) . This swing, for the angle which they make with the fiber axis can be different in rigor and in relaxation. On the other hand, it has become necessary to assume that oars-i.e. myosin moleculeshave two "hinges" (Fig. 2c) . This is because even though the filaments separate from one another in the transverse plane the impulse per projection remains constant (otherwise the tension would not be linear with overlap); this could happen if one end-member of the hinged molecule sticks in the body of the filament, the opposite end-member impels, and the middle member adjusts to the variable interfilament distance. FIG. 3 . General arrangement in assembly of a "thick filament" from --myosin molecules. ACTIN 
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What has been said thus far-largely a recitation' of the ideas and experiments of Hugh Huxley, Andrew Huxley, and Jean Hanson-visualizes contraction as a matter of molecular or segmental displacement; as yet it makes no place for molecular conformation, or for intermolecular forces, the subjects germane to this symposium. New structural, and molecular probe, experiments, however, compel one to "think molecular," and to wonder about some aspects of the foregoing theory.
Firstly, there is a still newer version of the myosin molecule (Fig. 2d ). Cohen2 using x-ray diffraction, Slayter and Lowey3 using electron microscopy, and many of US4 using site-counting techniques have established that myosin is a duplex, Y-shaped, molecule with two "heads." Since Nature is a notably good engineer, one cannot help worrying about the purpose of two-hinged, two-headed oars. Secondly, there are the results with molecular "probes" or "reporters." Based on the pioneering work of Harden McConnell as regards "spin-labels," and of Gregorio Weber and Lubert Stryer as regards fluorescent techniques, there is mounting evidence that the "head" regions of myosin are easily deformable. Fig. 4 , for example, sketches such evidence gathered by M\orita, as well as by several of my colleagues. This easy deformability suggests that the, head regions of myosin are not merely oar bearings, but have a special role,. perhaps that of causing the interfilament translation. Before pursuing this idea one must recall that the F-actin component of the thin filament with which the myosin projections interact is like two pearl strands twisted together. The "pearls," when loose and unstrung, are known as G-actin; as salt concentration increases from nil to about 0.1 M, the pearls self-assemble into the F-actin system with a high degree of cooperativity. Some years ago, Yagill discovered that a G-actin system at sub-threshold salt concentration will nevertheless polymerize upon addition of myosin or of heavy meromyosin. Recently, my colleagues Roger Cooke and Lynne Smith have studied the Yagi effect quantitatively. They used two probe methods to count the pearls which had-incorporated into strands. One method is, by a disulfide'exchange reaction to attach dansyl (dinethylamino-naphthalenesulfonyl) cysteine to a G-actin, and from the depolarization of its fluorescence, to estimate the (harmonic) mean rotational relaxation time of actiu monomer. This time becomes essentially infinite when monomeric actin incorporates into polymer. The other method is that of Deborah Stone and Jean Botts3:, a sulfhydryl-directed spin label attached to actin monomers is, strongly immobilized when these monomers incorporate into polymer. Using either of these methods; Cooke and Smith measured the initial slope, in a plot of concentration of remaining monomer actin versus concentration of added myosin fragment-either two-headed heavy meromyosin,, or single-headed "subfragment 1." From the initial slope they estimated the stoichiometry of actinomyosin combination in the region of actin excess. They found that four actins bind to one heavy meromyosin, i.e., two actins per head when the. heads are attached to one another; they also found that one actin binds to one sub-fragment 1,, i.e., one actin per head. Their experiment thus shows that in "grasping" actins the two heads of a myosin molecule somehow cooperate with one another. That this cooperation may have functional significance is shown in the following experiment.
My colleague, Alexander Murphy, recently showed that an ATP analog,14 6-SH-ATP, is a specific affinity label for the ATPase sites of myosin, and that attaehing two moles of this analog to one mole of myosin extinguishes the ATPase of the latter. Partial reaction with analog thus converts a solution of native myosin into a mixture of molecules having 0, 1, and 2 of their heads enzymatically inactivated (Fig. 5) . Although this mixture is not easily resolvable, the 4on- centrations of the three species can be accurately estimated from simple probabilistic considerations. Control systems of known composition-e.g., all native molecules, or known mixtures of native and totally reacted molecules-can also be made up for comparative purposes. Now imagine that either the experimental system or the control system is tested in some reaction with actin, and that in this reaction only one species-or perhaps a particular combination of species-is effective. If one pretends to know the effective species, then from its concentration in the two systems, and from a knowledge of how reaction depends on concentration (separate experiments), one can predict the ratio of the performances of the experimental and control systems. Separately, of course, one can measure the ratio of the-performances (Fig. 6 ). The procedure is to guess various species and see which guess yields the best agreement with experiment. My colleague, Tomonubo Tokiwa, has used this approach with various test reactions.15 One of these reactions is called "superprecipitation"; it is a myosin-actin-ATP reaction in which structure of the protein complex is thought to be changed, and many consider it a model of contraction. Tokiwa finds that in superprecipitation the only effective molecules seem to, be those in which neither head has been inactivated. This result contrasts-with other test reactions-e.g., ATPase capability-in which half-active molecules certainly adjacent actin filaments. However, because the experiments lend significance to the duplex nature of myosin, they suggest that the general character of the interaction is mote a "measuring worm" action of the heads than an oar-like impulsion by the projection as a whole.
Thirdly, there ate at least two experimental results which give every indication of being significant, but which have yet to be fitted into a theory. One of these is John Aronson's observation of the polarization of the fluorescence emitted by isometrically-held muscle fibers when their tryptophans are excited by planepolarized light (Fig. 7) .16 It turns out that this polarization is dependent on .086
physiological state (rigor, contraction, relaxation) when the excitation plane is perpendicular to the fiber axis, but is independent of state when the plane is parallel to the axis. This observation suggests that many (one, or a few, would scarcely be detected against a large background number) tryptophanyls with transition moments in, or nearly in, the transverse plane can be simultaneously moved in and out of the transverse plane depending on state. This could be if all these displaceable tryptophanyls were rigidly connected to the same movable structure-e.g., to a myosin projection-and if the structure assumed a different position (static or time-averaged) with state. Aronson showed, however, that the ten per cent change in polarization on going from relaxation to contraction did not have the same polyphosphate concentration threshold as did tension generation or ATPase activity. Thus it may be that the projections assume different static positions in different physiological states, but that the forcegenerating motions are those of the paired heads dangling from the ends of each projection.
The second result that must be assimilated before a theory of force-generation can be considered seriously is the so-called isovolumic relation. Elliott, who has extensively studied the filament lattice expansion which accompanies shortening, suggests that the expansion arises because of a repulsive interaction between thin and thick filaments when the array of the former intrudes into the array of the latter.'7 Elliott's idea thus assumes the existence in the overlap region of strong electrostatic fields, which fields would electrostrict water in that region. It is suggestive in this connection that spin labels attached to thin filaments become immobilized when they enter the array of thick filaments (Roger Cooke has shown that this immobilization is not due to close interaction with myosin). 18 Such major structural rearrangements as are required by the isovolumic relation, and the force interactions thereby implied, could, as Elliott has more recently proposed, be intimately connected with generation of the contractile force; if this were so, however, the mechanochemical transducer would operate on quite a different principle from that discussed till now. Although Elliott's suggestions have emphasized the importance of electrostatic forces in causing isovolumic behavior, it is noteworthy that Elliott's work with Rome,'9 and more recently with April,20 as well as very interesting, independent work by Kaldor,21 suggests that lattice dimensions and contractile phenomena can be strongly influenced by nonelectrolytes such as glycerol and polyethylene glycol. Therefore, in the future one may have to think in the more general terms of solvent-polymer interactions, but, whatever the terms, a natural explanation has to be found for isovolumic behavior.
Even if one postulates particular conformational changes and resulting displacements there remains the ultimate problem in biochemical energy transduction: how is ATP involved in the sequence of protein structural changes? It serves a useful purpose, from time to time, to reaffirm our vast ignorance about this subject, particularly because this ignorance is so equitably shared with students of oxidative phosphorylation. Basically there continue to be just two ideas. ATP may engage in transfer reactions, as it does iji biosynthesis, and the intermediates thus generated may play crucial roles in mechanism; however, in muscle as in mitochondria these intermediates have been uncommonly elusive. Alternatively there is the updated version of the idea put forth by Jean Botts and the author22 in 1952: ATP is highly charged, and particularly with the help of Mg2 +-it sticks to enzyme sites very hard, whereas its hydrolytic products do not stick to the same sites very hard at all. Thus ATP binding could be a means of conferring charge on myosin, or on rigid structures assembled from myosin; alternatively, ATP binding on flexible structures could be a means of inducing change in conformation; and as yet another alternative, ATP binding to protein complexes stabilized by van der Waals forces could be a means of dissociating them. By the same token, the hydrolysis of bound ATP is a means of undoing all these things. If one splits up a speculation such as "oar" motion, or "measuring worm" motion into component processes, one has to think of why the oar or individual head should "reach out," or why, once a myosin region is stuck to actin, it should "let go." It is in steps such as these that ATP would have to play its special role, but such steps will have to be elucidated at another time, perhaps in another age, certainly by another cerebrum.
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